The adsorption kinetics of nitrite ions in aqueous solutions onto an anion-exchange resin A-250 was explored in a well-stirred tank. The capacity of the ion-exchange resin for the removal of nitrite ions from aqueous solution was investigated under different conditions, viz. initial concentration (10-50 mg/l), pH (2-8), particle size (565-850 µm) and resin dosage (2-8 g/l). A number of kinetic models such as those of external and intraparticle diffusion were applied to the results from this study in order to identify the adsorption mechanism.
INTRODUCTION
With the advent of synthetic resins, the use of ion exchange has expanded beyond the water-softening industry into areas such as effluent treatment, pollution control and the separation of precious and toxic heavy metals. New resins with tailored properties including ion selectivity are being developed continuously. This is achieved by selecting appropriate active groups in a water-soluble polymer gel (the resin) ranging from sulphonic acid and tertiary amines with low selectivity to chelating agents that exchange with only specific ion(s) in preference to other ions present in solution (Boyer et al. 1999) .
Nitrite ion formation is an important step in the nitrogen cycle. Nitrite (as nitrogen) is typically found in industries discharging wastewaters containing high concentrations of nitrite, such as fertilizer, manufacturing, iron and steel production, munitions manufacturing, cattle feed lots, swine and poultry processing, electronic component manufacture, nuclear fuel processing, sewerage and incomplete abiotic denitrification processes in the soil (Patterson 1975; Vorlop et al. 1992; Aydin et al. 2005) . Nitrite is also a common pollutant in the urban atmosphere where it is present at concentrations ranging from 1 to 10 ppb (Seinfield 1989) . The permitted level of nitrite ions in drinking water established by the European Drinking Water Directive is 0.02 mg/l to avoid a potential health risk which causes the formation of methemoglobulinemia/cyanosis that leads to blue baby syndrome (Gao et al. 2004; Canter 1997; Bauchard et al. 1992; Miquel and Oldani 1992) .
The removal of nitrite ions from aqueous solution has been studied using physical and chemical methods such as ion exchange, reverse osmosis and electrodialysis, and biological denitrification methods which are slow, complex and sometimes costly and require post-treatment of the effluents (Miquel and Oldani 1992) . It has also been reported that the reduction of nitrite ions in aqueous solution and liquid-phase catalytic reduction using hydrogen over a solid catalyst are promising methods for the removal of nitrite ions from drinking water (Gao et al. 2004) . Of the various methods available, the ion-exchange method has been chosen for the present study since it is cheap and suitable for small-scale industrial use.
A-250 anion-exchange resin was used to remove nitrite ions from aqueous solution. The mechanism of the ion-exchange process in the present study can be expressed as:
where RCl is the resin. A kinetic study was carried out to investigate the effects of pH, initial nitrite ion concentration, resin dosage and particle size on the adsorption process. The rate-limiting step for nitrite ion adsorption onto the resin was determined by evaluating the external and internal diffusion coefficients and intraparticle diffusion rates, together with the Biot number from the adsorption kinetic results, to identify the various adsorption mechanisms.
MATERIALS AND METHODS
The conventional stirred tank method was used to investigate the effect of various parameters on the removal of nitrite ions from aqueous solution. All chemicals were of analytical reagent grade and doubly distilled water was used for preparing solutions. A Perkin-Elmer UV-vis spectrophotometer (model 550S) employing 1-cm quartz cuvettes was used in all spectral measurements. The solution concentrations during the experiments were determined spectrophotometrically employing a measurement wavelength of 543 nm, consistent with that used for the determination of the calibration curve. A-250 anion-exchange resin (Prolite, USA) was used in this study, the characteristics of this resin being listed in Table 1 . The total ion-exchange capacity of the resin was 1.85 mequiv/g (Table 1 ). Before use, the resin was washed with pure methanol to remove any organic impurities and then with doubly distilled water. After drying in an oven for 6 h, the resin was sieved to obtain four fractions whose geometrical mean sizes ranged from 355 µm to 900 µm, with the average value being estimated as 565 µm.
Nitrite ion samples were prepared by dissolving a known quantity of sodium nitrite (NaNO 2 ) in doubly distilled water, with the resulting stock solution being diluted to obtain the required initial concentration (10-50 mg/l range). The solution pH was adjusted using 0.1 N hydrochloride acid or 0.1 N sodium hydroxide solutions, respectively. The concentration of nitrite ion was determined at pH 6 through the formation of a reddish purple azo dye produced by coupling diazotized sulphanilic acid with N-(1-naphthyl)ethylenediamine (NED) dihydrochloride (APHA 1992). A known amount of the resin was added to each solution sample in order to measure the adsorption uptake, following which the solutions were agitated for a predetermined period at 25 ± 1°C in a thermostatic shaker. Samples of known volume (1 ml) were taken from the solution at predetermined intervals, the resin separated and the filtrate analyzed to determine the remaining concentration. The amount adsorbed at various time intervals, q t (mg/g), was computed via the following equation:
where C 0 and C t are the concentrations (mg/l) at the start of the experiment and at time t, respectively, V is the volume of the solution (l) and m s is the weight of anion-exchange resin employed (g). The influence of the initial concentration, the initial pH, the resin dosage and the particle size was investigated by varying any one of these process parameters individually while maintaining the other parameters constant. The experimental error was estimated to be less than 2%.
DIFFUSION-CONTROLLED KINETIC MODELS
A number of mechanisms may be suggested as controlling the adsorption rate in nitrite ion/resin systems. These include molecular diffusion from the bulk solution to a film layer surrounding the adsorbent particle, diffusion from the film to the particle surface (film diffusion), migration inside the adsorbent particle by surface diffusion or diffusion within liquid-filled pores (pore diffusion) and uptake. The latter includes several modes of interaction such as chemisorption, physisorption, ion exchange or complexation (Khraisheh et al. 2002; Weber and DiGiano 1996) .
As the resin is used in liquid-phase adsorption applications, mass transfer within the resin particles can be complex since adsorption is inherently a transient process involving some sort of Fickian diffusion in both the fluid and adsorbed phases. The intraparticle mass-transfer resistance is often dominant compared with external processes, especially when the particle size is relatively large (e.g. 0.3-1.0 mm) (Yang and Pyle 1999; Ma et al. 1996 ). An understanding of the significance of diffusion processes and accurate estimates of the diffusivities within the adsorbent particles are both fundamental for modelling adsorption processes. In the present work, the adsorbent particles were spherical and of uniform size, density and porosity. It was assumed that the pore and surface diffusivities were pH-dependent, that there was no convection inside the particles, that instantaneous equilibrium was established between the solute and the solid phase of the particle as well as with the liquid phase inside the latter (Gibbs et al. 2004; Erosa et al. 2001) . For these reasons, we have focused mainly on an interpretation of the experimental data employing diffusion-controlled kinetic models as a means of comparing the kinetic parameters.
The external diffusion model (Findon et al. 1993; Lee et al. 1999; Rengaraj and Moon 2002) assumes that, at early contact times, the adsorbate concentration at the adsorbent surface tends to zero and that intraparticle diffusion is negligible. This allows the external diffusion to be described by following equation:
(2) where C 0 , C t , A/V and t are the initial ion concentration, the ion concentration at time t, the ratio of the total interfacial area of the particles (cm 2 ) to the total solution volume (l) and the adsorption time, respectively. The quantity A/V is expressed by the following equation:
( 3) where m is the adsorbent dosage (g/cm 3 ), d is the mean particle diameter (µm) and ρ is the apparent density of the adsorbent (g/cm 3 ). By plotting ln(C t /C 0 ) against t, it is possible to determine the initial external mass-transfer coefficient, k f (cm/s). The intraparticle diffusion, D, i.e. the sum of the pore and surface diffusion, may simply be calculated from the following equation (Khraisheh et al. 2002; Rengaraj and Moon 2002) : (4) where q t and q e are the solute concentrations in the solid at time t and at equilibrium, respectively. Many simple equations have been reported in the adsorption literature for calculating the internal diffusion coefficient, D, from kinetic adsorption data. However, the results may vary from model to model although with an acceptable range of error (Ho and McKay 1998). Weber and Morris (1963) first introduced the concept of intraparticle diffusion in adsorption systems. The mathematical relationship between the concentration of adsorbed substance onto the solid surface and t 1/2 may be deduced from the assumption that the adsorption mechanism is controlled by intraparticle diffusion in the adsorbent as shown in equation (5) 
where q t is the amount of nitrite ion adsorbed per unit mass of the adsorbent (mg/g) at time t (min) and k id is the intraparticle diffusion rate constant [mg/(g min)]. Once the external and internal q k t
diffusion coefficients are determined for a given adsorption system, the Biot number can then be estimated from the following equation:
The Biot number provides an estimate of the predominance of surface diffusion versus the external diffusion. Adsorption processes are mainly controlled by internal diffusion mechanisms where the Biot number is greater than 100; when B N < 100, the process is controlled by external diffusion (Guibal et al. 1998; Erosa et al. 2001) .
RESULTS AND DISCUSSION

Effect of pH on the adsorption kinetics
The removal of nitrite ions by A-250 at different solution pH values is depicted in Figure 1 . It is clear from the figure that A-250 was quite effective for the removal of nitrite ions over the pH range 2.0-8.0. The amount adsorbed increased from 9.41 mg/g to 9.86 mg/g as the pH value decreased from 8.0 to 2.0, thereby indicating that the adsorption capacity of the adsorbent was pH-dependent. For this reason, all experiments were performed at a pH value of 6.0 in subsequent studies.
Diffusion-controlled kinetic models were employed for the treatment of data arising from kinetic experiments for nitrite ion adsorption onto A-250. Conformity between the experimental data and the values predicted by the kinetic model was expressed in terms of the correlation coefficient, r 2 , with a relatively high r 2 value indicating that the model provided a good description of the kinetics of the process. The corresponding results are depicted in Figures 2 and 3 , and listed in Table 2 , respectively. The values of the kinetic data were calculated from the slopes of the plots in Figures 2 and 3, while kinetic parameters such as the diffusion coefficients (external and internal diffusion coefficients), adsorption rates and Biot numbers were evaluated from equations (2)-(6). The decrease in the external diffusion coefficients may be attributed to the reduction in the affinity of the external surface towards adsorption. The increase in the values of the internal diffusion coefficient, D, was attributed to the increase in the internal surface affinity (Khraisheh et al. 2002) . The values of all the Biot numbers, B N , obtained in the present study were greater than 100 (Table 2) , indicating that intraparticle diffusion was the rate-determining step with external diffusion playing no part in the adsorption of nitrite ions onto A-250. Figure 4 shows the influence of different particle sizes on the adsorption of nitrite ions onto A-250. It will be seen from the figure that on changing the particle size from 565 to 850 µm the amount adsorbed decreased from 4.17 mg/g to 3.06 mg/g. The relatively higher adsorption at smaller adsorbate particle size may be attributed to the fact that smaller particles possess larger surface areas. As expected, when the particle size of A-250 increased, the time necessary to reach equilibrium also increased significantly. The application of the intraparticle diffusion kinetic model to the experimental data depicted in Figure 4 is shown in Figure 5 , with the corresponding kinetic constants being listed in Table 2 . It will be seen that over the size range studied the particle size of the adsorbent had little effect on the external diffusion coefficient, with values of the latter ranging between 1.68 × 10 -5 and 4.01 × 10 -5 cm/s. Similarly, the intraparticle diffusion coefficients only changed slightly on increasing the particle size and varied from 5.66 × 10 -9 to 10.40 × 10 -9 cm 2 /s. However, it should be noted that these changes in the intraparticle diffusion coefficients were not entirely dependent on the particle size since the pore structure of the adsorbent is independent of the particle size. 
Effect of particle size on the adsorption kinetics
Effect of the amount of resin on the adsorption kinetics
Varying the dosage of resin employed in the studies from 2 g/l to 6 g/l caused an increase in the removal of nitrite ions from aqueous solution (experimental plots not depicted). This demonstrated that the use of larger amounts of resin in the system led to an enhanced performance in the removal 138 M. Kobya et al./Adsorption Science & Technology Vol. 24 of nitrite ions. The nitrite ion removal efficiency increased up to an optimum dosage beyond which no further increase in the removal efficiency was noted. For a given initial nitrite ion concentration, the solution concentration remaining at equilibrium decreased with increasing resin dosage. This was as expected since increasing the resin dosage provided a greater surface area and a corresponding increase in adsorption sites. On increasing the adsorbent dosage from 2 g/l to 6 g/l, the amount adsorbed increased from 9.48 mg/g to 24.81 mg/g. Figure 6 shows that the adsorption of nitrite ions onto A-250 increased with time, attained a maximum value at 30 min and thereafter remained virtually constant at this value. On changing the initial concentration of nitrite ions in the solution from 10 mg/l to 50 mg/l, the amount adsorbed onto A-250 increased from 4.96 mg/l to 18.4 mg/l. It is clear from the figure that the removal of nitrite ions was dependent on the initial concentration of nitrite ions since the adsorption capacity increased at higher initial nitrite ion concentrations. Figures 7 and 8 show that the theoretically generated curves fitted the experimental data points quite well, thereby reflecting a good compliance with the external and intraparticle diffusion kinetic models ( Table 2 ). The value of the rate constant, k id , increased from 0.68 mg/(g min) to 0.79 mg/(g min) when the initial nitrite ion concentration was increased from 10 mg/l to 50 mg/l. The corresponding intraparticle diffusion coefficients for the various concentrations of nitrite ions varied from 1.57 × 10 -9 to 2.07 × 10 -9 cm 2 /s. Hence, the concentration of nitrite ions in the solution had a strong influence on both the adsorption diffusion kinetics and the mechanism controlling the kinetic coefficient. At high initial concentrations, the gradient generated between the solution and the centre of the particles leads to enhanced nitrite ion diffusion through the film surrounding the particle and into the porous structure of the resin. 
Effect of adsorbate concentration on the adsorption kinetics
CONCLUSIONS
The removal of nitrite ions from aqueous solutions onto an anion-exchange resin was investigated under different experimental conditions such as the initial nitrite ion concentration, the pH, the resin dosage and the resin particle size. The operating conditions chosen for the study were 20 mg/g nitrite ion concentration, a pH value of 6.0, an adsorbent dosage of 2 g/l, an adsorbent particle size of 565 µm and a temperature of 25°C. Kinetic models based on external and internal diffusion were employed to fit the experimental data and thereby identify the adsorption mechanism. It was found that both pore and solid surface processes made significant contributions to the intraparticle mass transfer. Values of the intraparticle diffusivity were found to be close to 10 -9 cm 2 /s. This low value confirmed the significant influence of intraparticle diffusion on the kinetic control. The results obtained demonstrate that the resin may be used effectively for the removal of nitrite ions from aqueous solutions. The kinetic data would be useful for the fabrication and design of wastewater treatment plants.
